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Williams-Beuren syndrome (WBS), an autosomal dominant
genetic disorder, is characterized by a unique cognitive profile
and craniofacial defects. WBS results from a microdeletion at
the chromosomal location 7q11.23 that encompasses the genes
encoding the members of TFII-I family of transcription factors.
Given that the haploinsufficiency for TFII-I is causative to the
craniofacial phenotype in humans, we set out to analyze the
effect of post-transcriptional silencing of TFII-I during BMP-2-
driven osteoblast differentiation in the C2C12 cell line. Our
results show that TFII-I plays an inhibitory role in regulating
genes that are essential in osteogenesis and intersects with the
bone-specific transcription factor Runx2 and the retinoblas-
toma protein, pRb. Identification of pathways regulated by
TFII-I family transcription factors may begin to shed light on
the molecular determinants of WBS.

The last decade has brought major progress in our under-
standing of the molecular basis of osteogenic differentiation. A
large number of signaling pathways and transcriptional regula-
tors have been shown to play a role in bone development. How-
ever, a precise understanding of the molecular mechanisms for
osteogenic differentiation is still lacking, elucidation of which
would help us to comprehend the pathogenesis of bone and
skeletal diseases and could lead to the development of targeted
therapies for them.

Runx2 (also known as Cbfal, AML-3, PEBP2«aA, and Osf2) is
a transcription factor belonging to the runt family, which in
mammals contains three members: Runx1, Runx2, and Runx3
(1). Runx2 is a key regulator of chondroblast and osteoblast
differentiation and of bone development in vivo (2, 3). Targeted
disruption of Runx2 in mice resulted in a complete lack of ossi-
fication due to the failure of maturation in osteoblasts and
resulted in death shortly after birth (4 —6). Runx2 regulates the
expression of major extracellular matrix genes including alka-
line phosphatase, osteopontin, osteocalcin, type I collagen, and
bone sialoprotein expressed by chondroblasts and osteoblasts
2,7).
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Findings from Thomas et al. (8) indicate a novel function for
Runx2. Runx2 physically interacts with the retinoblastoma pro-
tein (pRb),* which is a tumor suppressor that frequently under-
goes loss-of-function mutations in many human cancers
including osteosarcoma, retinoblastoma, and small cell lung
and bladder carcinomas (9). Runx2 and pRb associate with the
promoters of the osteoblast-specific genes osteocalcin and
osteopontin in vivo. In reporter assays with osteocalcin (OCN),
pRb augmented Runx2-dependent transcription from the OCN
promoter (8). More support for the role of pRb in osteogenesis
is provided by the finding that recombinant bone morphoge-
netic protein (BMP-2)-induced osteogenic differentiation is
blocked in RB~’~ mouse embryonic fibroblasts in comparison
with wild type mouse embryonic fibroblasts, as indicated by
lower alkaline phosphatase activity, lower osteocalcin mRNA
expression, and less intense staining for Alazarin Red, which
detects the mineralization of the extracellular matrix of osteo-
blasts. Taken together these data suggest that pRb acts as a
necessary co-activator for Runx2-induced osteogenic differen-
tiation (8).

WBS is a neurodevelopmental disorder with multisystem
manifestations, including supravalvular aortic stenosis, hyper-
calcemia in infancy, mild to moderate mental retardation,
and characteristic craniofacial features. Despite the fact that the
complex features of WBS are ultimately due to the decreased
copy number of several of these genes, the critical downstream
biological pathways that alter development and adult function
are unknown. Two of these genes, GTF2[ and GTF3/
GTF2IRD1/WBSCRI11, encode vertebrate-specific transcrip-
tion factors TFII-I and BEN (10-12), which appear to contrib-
ute to the craniofacial and cognitive defects observed in WBS
(13-16). For instance, in mice, homozygous loss of Gif2ird1
(BEN) results in craniofacial and cognitive abnormalities rem-
iniscent of human WBS (16, 17). Three genotype-phenotype
studies with patients that had an atypical smaller deletion of the
telomeric region, containing the cluster of TFII-I family genes,
provided a strong correlation between cognitive and craniofa-
cial defects and the heterozygous deletion of GTF2I (TFII-I)
and GTF2IRDI (BEN) (13-15). Interestingly, a patient with
only a small deletion of the GTF2IRD1 locus exhibited mild

“The abbreviations used are: pRb, retinoblastoma protein; WBS, Williams-
Beuren syndrome; ALP, alkaline phosphatase; OCN, osteocalcin; OSE,
osteoblast-specific cis-acting element 1; HDAC, histone deacetylase;
shRNA, short hairpin RNA; FBS, fetal bovine serum; HA, hemagglutinin;
ChIP, chromatin immunoprecipitation; DMEM, Dulbecco’s modified
Eagle’s medium; Ab, antibody; GST, glutathione S-transferase; RT-PCR, real-
time PCR; KD, knockdown; KDC, knockdown control; WT, wild type; Inr,
Initiator.
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facial dysmorphology of WBS (16), suggesting that the haplo-
insufficiency for both BEN and TFII-I might be necessary for
more severe WBS pathology to occur. However, the molecular
basis for the involvement of TFII-I family members in cranio-
facial defects is currently unknown.

TFII-1 is a signal-induced multifunctional transcription fac-
tor that activates a number of genes (18 -22). However, TFII-I
also acts as a repressor (23-25). Given the phenotypic role of
TFII-I in WBS pathology, we investigated its potential involve-
ment in osteogenic differentiation using an in vitro differentia-
tion model. Through posttranscriptional silencing of TFII-I, in
this study, we uncovered a potential function of TFII-I in regu-
lating genes important for the osteogenic pathway. We show
that TFII-I regulates expression of marker genes of osteoblast
differentiation: alkaline phosphatase (ALP), which is an early
gene, and OCN, which is a late gene. Interestingly, we show that
TFII-I functions as a repressor of OCN and ALP gene expres-
sion, possibly by preventing the recruitment of the Runx2-pRb
complex to the nearby OSE2 site of the OCN promoter. This
mechanistic study of TFII-I-mediated regulation of osteocalcin
gene via interference of Runx2-pRb function might provide an
insight into the molecular mechanism of how the hemizygous
deletion of TFII-I can lead to the craniofacial pathology
observed in WBS.

MATERIALS AND METHODS

Luciferase Assay—Cos7 cells were transiently transfected
with a combination of 600 ng of luciferase reporter construct
mOGL1.3 containing 1.3 kb of osteocalcin promoter; 0.35 ng of
Renilla pRL-TK; and increasing amounts (250, 500, and 1000
ng) of wild type TFII-I (pEBG-TFII-I), FLAG-Runx2, HA-pRb,
or pEBG vector to normalize the amount of DNA per condition,
using PolyFect transcription reagent (Qiagen) according to the
manufacturer’s instructions. Transfections and measurements
were performed in triplicate. Cells were lysed 48 h after trans-
fection, and relative luciferase and Renilla activities were mea-
sured using the Dual-Luciferase assay kit (Promega) according
to the manufacturer’s instructions. Western blot analysis was
performed to confirm the expression of all the proteins.

Generation of TFII-I Knockdown—TFII-I knockdown clones
of the C2C12 cell line were established using the same shRNA
methodology that was employed to generate TFII-I knockdown
in NIH 3T3 cells (18). Several TFII-I knockdown and control
(non-silencing shRNA or GFP-shRNA, supplemental Table S2)
clonal cell lines were established. The level of knockdown of
each clone was assessed using anti-TFII-I rabbit polyclonal Ab
(Sigma). Although several TFII-I knockdown clones were
tested for ALP activity, TFII-I knockdown clone 15 (KD) was
chosen for the present studies.

Quantitative RT-PCR—To test for the levels of gene expres-
sion in TFII-KD (KD) versus control (KDC) and wild type
parental C2C12 cell line (WT) without BMP-2, the growth
medium was replaced with a fresh growth medium containing
10% FBS the day after plating (day 0). Subsequently, the cells
were harvested at 24, 72, and 144 h. To test for levels of gene
expression in differentiated cells, the KD, KDC, and WT cells
were treated with 300 ng/ml recombinant human BMP-2
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(rhBMP-2) (R&D Systems) in DMEM with 0.2% FBS and har-
vested at 24, 48, 72, and 144 h.

A QIAShredder and an RNeasy mini kit (Qiagen) were
used to extract RNA from cells. To remove any DNA con-
tamination, the columns were treated with an RNase-free
DNase set (Qiagen). 1 ug of total RNA of each sample was
used for cDNA synthesis. Relative gene expression of ALP
and OCN was measured by real-time PCR using the Power
SYBR Green PCR master mix (Applied Biosystems) accord-
ing to the manufacturer’s protocol. As an internal control, 18
S gene expression was measured. All reactions were carried
out in triplicate. All primers sequences are found in supple-
mental Table S1. The data were analyzed using GeneAmp®
7300 SDS software. The values for each of the genes were
normalized to 18 S, and the -fold change relative to WT value
at 24 h was calculated using 244" as described in Ref. 26.

Chromatin Immunoprecipitation—Chromatin immunopre-
cipitation (ChIP) assays were performed according to the man-
ufacturer’s protocol (Upstate Biotechnology) and as described
(8,18,27). To assess the recruitment of TFII-I, Runx2, or pRb to
osteocalcin promoter, the lysates were incubated overnight at
4.°C with no antibody, anti-mouse TFII-I (BD Biosciences),
anti-mouse pRb (1 ug each of Ab-4 and Ab-5, Oncogene Sci-
ence), anti-CBFA1 (2 ug, Abcam), or control antibody IgG (2
pg of anti-rabbit IgG). DNA samples from ChIP were analyzed
by quantitative PCR in triplicate using the Taqman gene
expression master mix (Applied Biosystems). The sequence of
the primers and Tagman probe are provided in supplemental
Table S3.

Alkaline Phosphatase Staining—W'T, KD, and KDC were
plated in 12-well dishes at 2 X 10* cells/well. Cells were left
untreated or treated with 300 ng/ml BMP-2 in DMEM con-
taining 0.2% FBS for 6 days. On day 6, cells were fixed in
methanol for 2 min at —20 °C and rehydrated in wash buffer
(100 mm Tris-HCI (pH 9.5), 100 mm NaCl, 10 mm MgCl,) for
10 min. Then the cells were stained with Fast BCIP/NBT
(5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazo-
lium) (B5655, Sigma) for 15 min and rinsed in double-dis-
tilled H,O for 5 min.

Alkaline Phosphatase Activity—Alkaline phosphatase activ-
ity was determined as described previously (28). C2C12 cells
were grown in 6-well dishes and were either treated with 300
ng/ml BMP-2 in DMEM containing 0.2% serum or left
untreated. Alkaline phosphatase activity was expressed as
nanomoles of p-nitrophenol generated per microgram of total
protein as determined by Bradford assay.

Western Blot—Whole cell lysates were loaded onto 10%
SDS-PAGE and subjected to Western blot analysis. The anti-
TFII-I polyclonal Ab at 1:2500, anti-GST Ab (Sigma) at
1:3300, anti-green fluorescent protein antibody (JL-8, BD Bio-
sciences) at 1:2000, and anti-FLAG Ab (Sigma) and anti-HA Ab
(Sigma) at 1:2500 dilution were used. The anti-B-Actin Ab (Sigma)
was used at a 1:5000 dilution. In each case, the secondary anti-
mouse or anti-rabbit horseradish peroxidase-linked antibodies
were used at a 1:10,000 dilution in Tris-buffered saline with
Tween.
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TFII-I may inhibit this differentia-
tion. Furthermore, to assay for the
effect of TFII-1 KD on gene expres-
sion of ALP, we performed quanti-
tative RT-PCR. We found that at
144 h, there was a large increase in
the ALP mRNA in the TFII-I KD as
compared with the WT and KDC
(Fig. 1D), which was consistent with
our observation that the TFII-I KD
exhibited higher ALP activity (Fig.
1,Aand Q).

TFII-I Represses Runx2-pRb-in-
duced Transcription of Osteocalcin—
To further investigate the effect of
TFII-I knockdown during osteo-
genic differentiation in vitro, we
performed quantitative RT-PCR to
assay for the expression of the OCN
_ gene, which is a late marker of

24h

96h 144h 24h 48h

FIGURE 1. TFII-I knockdown accelerates early osteoblast differentiation in C2C12 cells. A, whole-cell
lysates of TFII-I KD, non-silencing control knockdown (KDC), and uninfected C2C12 (WT) cells were probed in a
Western blot with anti-TFII-I (upper panel) and with anti-B-Actin antibody as a loading control (lower panel). B, 6
days following the treatment with BMP-2, cells were stained for the presence of ALP activity. One representa-
tive experiment out of three experiments is shown. C, C2C12 cell lines were plated in 6-well dishes in triplicate
for each condition. Following the treatment with BMP-2 or no treatment, WT, KDC, and KD lysates were col-
lected at 24, 96, and 144 h, and ALP activity was measured. Each data point represents a mean = S.D. (error bars)
of one representative experiment performed in triplicate wells. Three experiments were performed with sim-
ilar results. D, KD cells show a higher level of ALP gene expression at 144 h than both WT and KDC cell lines by
quantitative RT-PCR assay. Data shown are the mean = S.D. (error bars) of duplicate wells of one representative

experiment, performed in duplicate four times with similar results.

RESULTS

TFII-I Knockdown Augments Expression of Osteoblastic
Marker Genes—To assess the potential role of TFII-I in osteo-
blastic differentiation, we employed the C2C12 mesenchymal
cell line, which has been widely used as an in vitro differentia-
tion model (30). We stably silenced TFII-I by shRNA in these
cells (KD) and obtained significantly lower protein expression
as compared with control cells, cells infected with the non-
silencing shRNA (KDC), or the uninfected parental wild type
cells (WT) (Fig. 14). We used BMP-2 in C2C12 cells to induce
osteoblast differentiation in vitro (29, 30). Stimulation of
C2C12 cells with BMP-2 leads to a rise in alkaline phosphatase
activity by day 7 (30). We ascertained ALP activity by perform-
ing the histochemical staining of the cells with 5-bromo-4-
chloro-3-indolyl phosphate/nitro blue tetrazolium. Upon
treatment with BMP-2, we found that on day 6 (144 h), TFII-I
KD cells showed more intense staining than both WT and KDC
lines (Fig. 1B). Six TFII-1 KD clones were assessed for this phe-
notype with similar results (data not shown).

To quantify the differences in ALP, we performed an enzy-
matic assay using p-nitrophenyl phosphate as a substrate of
ALP. Consistent with the staining results, we found that TFII-I
KD exhibited much higher activity starting at 96 h, and this
difference was even more striking at 144 h as compared with the
KDC and WT cells (Fig. 1C). These data suggest that TFII-I KD
cells undergo early osteoblast differentiation faster and more
efficiently in vitro than either KDC or WT cells, indicating that
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osteoblast differentiation (29). The
OCN gene is exclusively expressed
in osteoblasts, and it is responsible
for the formation of mineralization,
i.e. calcium deposits in the extracel-
lular matrix (2). Strikingly, even
without BMP-2 treatment, we
found that at 144 h, the TFII-I KD
cells showed an increase in OCN
gene expression as compared with
the KDC and WT samples (Fig.
2A). This indicates that even in the absence of BMP-2 stim-
ulus, silencing of TFII-I alone is sufficient to induce the
expression of the late osteoblastic genes.

Previous studies have shown that pRb physically interacts
with Runx2 and acts as its co-activator by augmenting the
Runx2-induced transcription of the OCN promoter (8). The
osteocalcin promoter contains three cis-regulatory elements
termed A, B, and C that bind osteoblast-specific complexes
(31). The well conserved element A, known as osteoblast-spe-
cific cis-acting element 1 (OSE1), is located between —74 and
—47 in the OCN promoter. It was also shown that OSE1 is
present in the promoter of several osteoblast-specific genes
including Cbfal/Runx2. Interestingly, we observed that the
OSE1 element overlaps with the classical Inr-like element
(YYANWYY) that can bind TFII-I. The presence of this Inr-like
sequence in OSE1 suggests that TFII-I might interfere with
Runx2-pRb binding to the OSE1 and thus provide a functional
basis for the observed enhancement in OCN expression upon
silencing of TFII-1. Hence, we tested whether the TFII-I repres-
sive effects are due to inhibition of pRb-Runx2 transcription
functions.

For transient transfection reporter assays, we used Cos7 cells
because they do not express any endogenous Runx2 protein (32,
33) and have low levels of the endogenous TFII-I protein (34).
The ectopic expression of either GST-tagged TFII-I or HA-
tagged pRb had no effect on the osteocalcin reporter gene
expression (Fig. 2B). Consistent with the published data (38),

72h 144h
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FIGURE 2. TFII-l inhibits Runx2-Rb-induced transcription of osteocalcin gene. A, KD, KDC, and WT C2C12 h 1L ith i .
cells were seeded in 6-well dishes. The RNA lysates were harvested at the following time points: 24, 48, 72, and the cells with increasing concentra-
144 h. Quantitative RT-PCR was performed using with the following primers: OCN and 18 S. The data are the  tions of pRb together with a fixed
mean *+ S.D. (err.or bars) oftriplicatg We.lls'ofone exper'!ment, performed three.times with similgr results. B, Cos7 amount of TFII-I and Runx2. We
cells were transiently transfected in triplicate wells with 1.3 kbp of osteocalcin promoter-luciferase construct .
(mOG1.3) and Renilla (pRL-TK). The following amounts of expression plasmids were transfected: for TFII-I, 250, found that TFII-I-mediated repres-
500, and 1000 ng; for Runx2, 250, 500, and 1000 ng; and for Rb, 250, 500, and 1000 ng. pEBG empty vectorwas  sion of the reporter was indepen—
used to normalize the amount of DNA. The data are the mean = S.D. (error bars) of triplicate wells of a repre- .
sentative experiment of four total experiments. C, Western blot analysis was performed to confirm the expres- dent of pr j“s TFII-I still repressed
sion of GST-tagged TFII-l, HA-tagged pRb, and FLAG-tagged Runx2 proteins. Runx?2 even in the presence of pRb.
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FIGURE 3. Enhanced recruitment of TFII-1 to the OCN promoter results in reduced Runx2-pRb recruitment. A, quantitative ChIP assay of KD and WT cells,
where TFIl-, pRb, and Runx2 were immunoprecipitated with anti-TFll-l, anti-HA, and anti-FLAG antibodies, respectively, or rabbit IgG or no antibody as
negative controls. The Mock lane is without either lysate or antibody and serves as a negative control for cross-contamination. The quantitative PCR was
performed in triplicate with primers and probe for OCN promoter and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The data are the
mean = S.D. (error bars) of triplicate wells of one representative experiment out of three. B, proposed model. Constitutive recruitment TFIl-l to the OSE1 site,
containing the Inr-like element, interferes with the recruitment of Runx2 and pRb to the OSE1 site, and given the resolution of the ChIP assay, potentially to the
nearby OSE2, which also contains the Runx2 binding site, resulting in the inhibition of pRb-Runx2-induced transcriptional activation of the OCN gene during
early differentiation. TFlI-l may also recruit HDACs to the promoter, thereby further contributing to the transcriptional inhibition. At the later stage of osteoblast
differentiation, TFll-lis displaced from the promoter (by an as yet unknown mechanism), resulting in relief of inhibition. BEN may also potentially contribute to
the inhibitory effect.
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Inverse Recruitment of TFII-I and Runx2-pRb to the Osteo-
calcin Promoter—To further establish whether TFII-I com-
petes with the Runx2-pRb complex at the osteocalcin pro-
moter, we performed a ChIP assay. The primers and probe were
selected to amplify the proximal regions of the OSE1 that har-
bors the Inr-like element. We harvested the KD and WT C2C12
cells that were not treated with BMP-2 and immunoprecipi-
tated the DNA-protein complexes with the indicated antibod-
ies. We found that TFII-I was specifically recruited to the prox-
imal promoter of OCN and that in the C2C12 cells, which were
not treated with BMP-2, there was a slight recruitment (less
than ~2-fold) of pRb and no recruitment of Runx2 to the pro-
moter (Fig. 3A4). Strikingly, upon knockdown of TFII-I, there
was a significantly enhanced recruitment of pRb and Runx2 to
the promoter (Fig. 3A). Together, these data suggest that TFII-I
in the absence of BMP-2 constitutively binds to the proximal
region of the osteocalcin promoter, thus hindering the associ-
ation of Runx2 and pRb with the promoter.

DISCUSSION

Our study has revealed an unexpected role of TFII-I as a
potential negative regulator of osteoblast differentiation and of
the Runx2-induced transcription of the osteocalcin gene, cru-
cial in bone development. We investigated the effect of silenc-
ing of TFII-I function by creating a stable knockdown of TFII-I
with shRNA in the mesenchymal precursor C2C12 cell line that
differentiates into osteoblasts in response to BMP-2 signaling
in vitro (30). In this in vitro system, the knockdown of TFII-I
results in high levels of ALP activity relative to the wild type
(uninfected) and non-silencing shRNA controls in response to
BMP-2 treatment (Fig. 1, A and B). The amount of ALP activity
is a hallmark for the extent of early osteoblast differentiation.
Thus, this phenotype suggests an inhibitory function of TFII-I
in early osteoblast differentiation. To eliminate clonal variabil-
ity, these results were also confirmed in multiple clones of
TFII-1 knockdowns (data not shown).

The potential importance of TFII-I in the osteogenic path-
way is further underscored by our findings that TFII-I down-
regulates both early (ALP) and late (OCN) genetic markers of
osteoblast differentiation (Figs. 1 and 2). Using quantitative RT-
PCR, we showed that remarkably, even without BMP-2 treat-
ment, the gene expression of OCN was significantly up-regu-
lated upon the knockdown of TFII-I relative to the wild type
controls (Fig. 3A). Further evidence in support of our proposed
model (Fig. 3B) is provided by real-time ChIP results. Thus,
knockdown of TFII-I in C2C12 cells results in more recruit-
ment of Runx2 and pRb to the promoter relative to the wild type
control, whereas in the wild type control, there was no recruit-
ment of Runx2 and little recruitment of pRb (Fig. 34). Impor-
tantly, we showed that TFII-I was recruited to the promoter in
the wild type cells but not in the knockdown cells.

Although the transcriptional effects of TFII-I could be solely
due to its function to prevent Runx2-pRb from binding to the
OSE sites, considering that TFII-I was shown to physically
interact with HDAC3 (35), it is also possible that TFII-I may be
recruiting HDACS3 to the promoter, thereby contributing to the
observed inhibitory effect. Future experiments could assess
whether HDACS3 is also recruited to the same region of the
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OCN promoter. If TFII-I prevents the recruitment of Runx2-
pRbD to the osteocalcin promoter, thus inhibiting the transcrip-
tion of OCN, then how is it possible that wild type osteoblasts
still express OCN and are still able to mineralize by forming
calcium deposits in the extracellular matrix? Although the pre-
cise answer to this question remains untested, it is possible that
the interplay between various signaling pathways in late osteo-
blast development relieves the inhibition of TFII-I, allowing
more Runx2-Rb to be recruited to the promoter to activate
OCN.

Because haploinsufficiency in TFII-I is associated with the
characteristic craniofacial and neurodevelopmental patholo-
gies of WBS, it is of considerable interest to elucidate the molec-
ular pathways that TFII-I control. Moreover, heterozygous
deletion in the G#f2i gene in mice exhibits craniofacial and gen-
eral osteogenic defects (36). Although the precise mechanistic
role for TFII-I in osteogenic differentiation is currently
unknown, the repression of osteogenic markers OCN and ALP
by TFII-I reported here and the inhibitory role of TFII-I in
blocking Runx2 and pRb recruitment to the OCN promoter
suggest evidence for a link between TFII-I and Runx2, which is
essential for bone development because the loss-of-function of
Runx2 leads to cleidocranial dysplasia (5, 37). Therefore, a thor-
ough analysis of the function of Runx2-pRb and TFII-I in cells
derived from bone-specific conditional knock-out mice of these
proteins might help to further elucidate the direct role of TFII-I
in craniofacial development and potentially in the pathogenesis
of WBS.
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